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We have investigated the crystal, electronic, and magnetic structure of Mn5O8 by means of state-
of-the-art density functional theory calculations and neutron powder diffraction (NPD) measure-
ments. This compound stabilizes in the monoclinic structure with space group C2/m where the
Mn ions are in the distorted octahedral and trigonal prismatic coordination with oxygen atoms.
The calculated structural parameters based on total energy calculations are found to be in excellent
agreement with low temperature NPD measurements when we accounted correct magnetic structure
and Coulomb correlation effect into the computation. Bond strength analysis based on crystal orbital
Hamiltonian population between constituents indicating strong anisotropy in the bonding behavior
which results in layered nature of its crystal structure. Using fully relativistic generalized-gradient
approximation with Hubbard U (GGA+U ) we found that the magnetic ordering in Mn5O8 is A-type
antiferromagnetic and the direction of easy axis is [1 0 0] in agreement with susceptibility and NPD
measurements. However, the calculation without the inclusion of HubbardU leads to ferrimagnetic
half metal as ground state contradictory to experimental findings, indicating the presence of strong
Coulomb correlation effect in this material. The GGA calculations without Coulomb correction
effect itself is sufficient to reproduce our experimentally observed magnetic moments in various Mn
sites. We explored the electronic band characteristics using total, site-, and orbital-projected den-
sity of states and found that Mn is in two different oxidation states. A dominant Mn 3d character
observed at Fermi energy in the DOS analysis is the origin for the metallic behavior of Mn5O8. Our
bonding analysis shows that there is a noticeable covalent bond between Mn 3d−O 2p states which
stabilizes the observed low symmetric structure. We found that Mn in this material exhibits mixed
valence behavior with 2+ and 4+ oxidation states reflecting different magnetic moments in the Mn
sites. Our experimental findings and theoretical predications suggest that Mn5O8 can be classified
as a strongly correlated mixed valent antiferromagnetic metal.
PACS numbers: 75.50.Ee, 71.23.-k, 61.05.fm
I. INTRODUCTION
Manganese (Mn) oxides can be considered as an inter-
esting class of material among various transition metal
oxides because they crystallize in different structures
with many oxidation states (2+, 3+, and 4+ etc.)1–4 that
bring exotic magnetic behaviors. Among them, Mn2+
has basically no preference in on coordination due to 3d5
electronic configuration and it occupies almost indiffer-
ently crystallographic sites with coordination numbers of
4, 6, and/or 8, depending on other structural constraints.
On the other hand, Mn3+ and Mn4+ are commonly found
in octahedral sites in complex oxides. Also, Mn3+(t32ge
1
g)
ion in LaMnO3
5 makes it a typical Jahn-Teller system
which results in a distortion of the MnO6 coordination
octahedron along four equatorial shorter bonds and two
axial longer bonds. In terms of ionic radius, the differ-
ence in the ionic radii between Mn2+ and Mn3+ [0.185
A˚(= 0.83 A˚- 0.645 A˚)] is larger than that between Mn3+
and Mn4+ [0.115 A˚(= 0.645 A˚- 0.53 A˚, based on r(O2−)
= 1.40 A˚)]6. Namely, divalent Mn ion has somehow
unique feature in oxide form, and this has important con-
sequences on the crystal chemistry and physical proper-
ties. Binary manganese oxides such as MnO, Mn3O4,
Mn2O3, MnO2, and Mn5O8 possess wide variety of tech-
nological applications due to their unique structural and
physical properties. This family of compounds are quite
attractive and potential candidate for catalysis, electrode
materials for batteries and soft magnetic materials for
transformers cores due to the presence of mixed valences
of Mn atoms.7,8 Due to the complex interplay between
orbital, spin, and lattice degrees of freedom, Mn oxides
exhibits intriguing properties such as colossal magnetore-
sistance, metal-insulator transitions, charge as well as or-
bital ordering,9,10 and exotic magnetic behavior.4,11–14
Also, the magnetic properties of Mn oxides gained inter-
est due to their unusual magnetic orderings. For exam-
ple, MnO is a type-II antiferromagnetic (AFM-II) insula-
tor below the Neel temperature of TN=118K,
15 Mn3O4
show a ferrimagnetic (FiM) behavior at TC = 42K, on
further cooling it exhibits spiral spin structure at 39K
and then it transformed to canted spin array at 33K.16–18
α-Mn2O3 exhibits a complex noncollinear AFM ordering,
and β-MnO2 has a screw-type magnetic structure with
ordered helical moments.19,20 Among the stable binary
Mn oxides, Mn5O8 has been reported in the literature as
2metastable phase.21–23
Mn oxides crystallize typically into tunnel− and/or
layered− crystal structure. Single, double, or triple
chains of edge-shared MnO6 octahedra share corners with
each other form tunnel structure, whereas, layer Mn ox-
ides comprised of stack of sheets or layers of edge-shared
MnO6 octahedra, and interlayer species.
8 Mn5O8 possess
layered Birnessite-type structure.24 The crystal structure
reported by Oswald et al.25 for Mn5O8 having composi-
tional formula Mn2+2 Mn
4+
3 O8 is isotypic with monoclinic
Cd2Mn3O8. This structure consists of distorted MnO6
(Mn1Oo6 and Mn2O
o
6) edge shared octahedral layers with
Mn4+ ions in the bc plane separated by Mn2+ ions which
coordinate to six oxygen atoms forming Mn3O6 trigo-
nal prisms in the interlayer spaces as shown in Fig. 1.
One fourth of the cationic sites in the main octahedra
sheets are vacancies which results in charge imbalance
and as a consequence of that its composition becomes
[Mn4+3 O8]
4−. This charge imbalance was neutralized by
the Mn2+ ions situated above and below the empty Mn4+
sites completing the composition Mn2+2 Mn
4+
3 O8. Since
[Mn4+3 O8]
4− layers are separated by undulating A2+ (A
= Mn, Cd, Ca) layers, one can expect low dimensional
magnetic behavior in these materials.
Yamamoto et al.26 reported that Mn5O8 orders antifer-
romagnetically at Ne´el temperature TN ≃ 136K, which
was highest among most of the known manganese ox-
ides. Several other experimental studies also reported
that Mn5O8 as an antiferromagnet with Ne´el tempera-
ture TN ≃ 128K,
27 TN ≃ 133K,
28 TN ≃ 131K,
29 and
TN ≃ 126K.
30 Noticeable difference in the reported Ne´el
temperature is due to the finite-size effect on the antifer-
romagnetic transition temperature TN.
31,32 In addition
to the characteristic peak of antiferromagnetic ordering
measured in Mn5O8 by magnetization versus tempera-
ture measurements, a sharp peak is observed at around
40K27,28 which is believed to be associated with TC of
ferrimagnetic Mn3O4 as Mn5O8 is synthesized by the
oxidation of Mn3O4. However, our low temperature
NPD measurements were unable to detect any secondary
phases and the details will be discussed below.
X-ray photoemission spectroscopy (XPS) measure-
ments on Mn5O8 have been made and the analysis
28,30
confirms the two possible types of Mn with oxidation
states 4+ and 2+. It may be noted that it is difficult
to distinguish between Mn2+ and Mn4+ due to the small
binding energy shift (less than ca. 1.0 eV) from Mn2+
to Mn4+ for the Mn 2p and it will be even complicated
if the Mn present in mixed valence states.33 Jeong et
al.34 reported that the Mn3+ ions are involved in oxygen
evolution reaction process of Mn5O8 nanoparticles and
which is contradictory to the XPS analysis mentioned
above. Therefore, apart from calculating Bond Valence
Sum (BVS), we have used various theoretical tools to an-
alyze the oxidation of manganese ions in Mn5O8 as we
have reported earlier.35
It is reported that the crystal structure of Mn5O8
is monoclinic and isostructural with Cd2Mn3O8,
25
Ca2Mn3O8,
36 Zn2Mn3O8,
37 and Cu2Mn3O8.
38 Mn5O8
has higher magnetic transition temperature than its iso-
morphous compounds such as Cd2Mn3O8 (TN ≃ 10K)
and Ca2Mn3O8 (TN ≃ 60K) due to the fact that the 2+
ion is also having finite magnetic moment which results
in different exchange integrals. Moreover Cd2Mn3O8 and
Ca2Mn3O8 has lower value of exchange integral than
that of Mn5O8 due to larger interlayer and intralayer
distance between the magnetic ions which causes the
higher TN for Mn5O8 than those of its isomorphous com-
pounds. The highest magnetic transition temperature in
Mn5O8 among these isostructural compounds may be at-
tributed to the strong interlayer exchange couplings be-
tween Mn2+ and Mn4+ ions with different magnetic mo-
ments.
The details of magnetic ordering, the direction of easy
axis, and anisotropy in the magnetic and transport prop-
erties for Mn5O8 are not yet identified though nanorods
of Mn5O8 have reported recently.
28 To our knowledge, no
theoretical studies on Mn5O8 have been reported in the
literature. In this present study we attempt to identify
the ground state magnetic structure, electronic structure,
and the mixed valent behavior of manganese ions in this
compound using experimental measurements and com-
putational studies.
II. STRUCTURAL ASPECTS AND
COMPUTATIONAL DETAILS
A. Crystal and magnetic structure
Structurally, Mn5O8 crystallize in the base centered
monoclinic Cd2Mn3O8 − type structure with space group
C2/m. This structure can be considered as a layered
structure with two formula units per unit cell as indi-
cated in Fig. 1. The input structural parameters used
for the present calculations are taken from our Neutron
Powder Diffraction (NPD) results obtained at 9 K (see
Table. I). As the convergence is very slow due to large
number of atoms involved with spin polarization, spin or-
bit coupling, and Coulomb correlation effect included in
the calculations, we have not done structural optimiza-
tion for all the magnetic configurations discussed here
except the ground state magnetic structure M4. Using
force minimization method the atom positions are opti-
mized with Wien2k code. Moreover, in order to find the
ground state with global minima we have adopted force
as well as stress minimization method implemented in
VASP code for the ground state magnetic configuration
and the optimized structural parameters are compared
with our NPD measurements. As we have found ear-
lier sufficiently large basis set with reasonable number
of k-points are needed to predict reliable structural pa-
rameters for transition metal oxides,39 we have used the
energy cut off of 875 eV and the k-points value is 2×4×4
for the irreducible part of the first Brillouin zone of base
centered monoclinic lattice.
3FIG. 1. (Color online) (a) Polyhedral representation of Mn5O8 crystal structure, (b) Octahedral coordination of Mn
4+ atoms,
and (c) Trigonal prismatic coordination of Mn2+ atoms. The atom labels are given in (a).
TABLE I. The refined unit cell dimensions, atomic coordinates, and magnetic moments at various Mn sites for Mn5O8, derived
from Rietveld refinement of NPD data 9K well below the magnetic transition temperature are listed in this table. The crystal
structure is found to be base centered monoclinic with space group C2/m. The calculated standard deviations are given in
parentheses.
a = 10.325(2) A˚, b = 5.7181(7) A˚, c = 4.8594(6) A˚, β = 109.63(2)o
Rwp = 4.86%, RP = 3.67%, χ
2 = 2.08
Atom Moment**
Wyckoff position x y z Occupancy Biso(A˚
2)∗ Mx(µB) My(µB) Mz(µB) Mtot(µB)
Mn1 2c (0 0 1/2) 0 0 1/2 1 0.2(2) 2.3(2) 0 1.8(2) 2.4(2)
Mn2 4g (0 y 0) 0 0.247(4) 0 1 0.2(2) 2.3(2) 0 1.8(2) 2.4(2)
Mn3 4i (x 0 z) 0.729(2) 0 0.665(5) 1 0.2(2) 4.02(9) 0 1.7(3) 3.8(2)
O1 8j (x y z) 0.114(2) 0.222(2) 0.395(2) 1 1.7(2)
O2 4i (x 0 z) 0.114(2) 0 0.922(5) 1 1.7(2)
O3 4i (x 0 z) 0.591(2) 0 0.872(4) 1 1.7(2)
a *Isotropic atomic displacement parameters were constrained at same values for respectively, Mn and O.
**Magnetic moments were constrained at same values for Mn1 and Mn2.
The overall crystal structure of Mn5O8 can be de-
scribed as infinite elemental sheets of [Mn4+3 O8]
4− where
the Mn4+ ions are held together by Mn2+ ions. This ma-
terial is a mixed valence system with two different types
of Mn4+ ions and one type of Mn2+ ion. Also, the oxygen
ions are located into three different sites in Mn5O8. One
of these Mn4+ (Mn1o) ion is in 2c site (C2h symmetry)
coordinated octahedrally to four planar O atoms at 1.921
A˚ and two apical O atoms at 1.937 A˚ where the average
Mn−O distance is 1.926 A˚. Angles between Mn and O
within the plane in the Mn1Oo6 octahedra range from 85
o
to 95o and that between Mn and apical oxygen is 180o.
This has lot of influence on the magnetic exchange in-
teraction in this system. Two Mn4+ (Mn2o) atoms are
in 4g sites (C2 symmetry) coordinated octahedrally with
highly distorted octahedra where two O atoms at 1.867
A˚ and two at 1.913 A˚ and two at 1.971 A˚ with an average
Mn−O distance of 1.917 A˚. The O−Mn−O angles within
this Mn2Oo6 distorted octahedra varies between 81.9
o to
96.4o when the O atoms are adjacent to each other and
varies between 168.7o to 177.6o when the O atoms are
non-adjacent to each other. Mn2+ ions (Mn3t) form a
trigonal-prismatic coordination with six oxygen atoms in
which three are from one octahedral layer and three are
from the next octahedral layer. As described in Fig. 1,
O(1) is coordinated by two Mn4+ and two Mn2+ ions,
O(2) is coordinated by three Mn4+ and one Mn2+ ions,
and O(3) is coordinated by two Mn4+ and one Mn2+ ion.
Due to this difference in the coordination of O atom with
the Mn ions bring different magnetic moment in various
manganese sites.
Based on our experimental results we have proposed
four different magnetic structure models for Mn5O8
namely M1, M2, M3, and M4 (see Fig. 3). So, in order
to identify the ground state among these proposed four
magnetic structures we have done ab initio total energy
calculation for all these four models including spin-orbit
coupling as well as Coulomb correlation effects. In M1
magnetic configuration, it may be noted that the ferro-
magnetic (FM) coupling is present within the layers and
antiferromagnetic (AFM) coupling is present between the
layers within ac plane where spin is oriented along [1 0
0] direction. In M2 magnetic configuration, again there
is a FM coupling within the layers and an AFM coupling
between the layers with spin orientation is along [0 1 0],
In the case of M3 magnetic configuration, there is a FM
4coupling within the layers and an AFM interaction be-
tween the layers along b axis where spin orientation is
along [0 1 0]. For the M4 magnetic configuration, FM
interaction is present within the layers and an AFM in-
teraction is present between the layers with spin orien-
tation is along [1 0 0] as shown in Fig. 3. In both M1
and M2 magnetic configurations, the magnetic moment
at the Mn1 and Mn2 sites are smaller than that in the
Mn3 sites. The lower moments in the Mn1 and Mn2 are
antiferromagnetically coupled with the higher moment in
the Mn3 site bringing ferrimagnetic ordering with finite
moment. However, the magnetic moments in the models
M3 and M4 are exactly canceling due to perfect antifer-
romagnetic ordering.
B. Computational details for the full-potential
linear augmented plane-wave (FP-LAPW)
calculations
Calculations were performed using standard full-
potential linear augmented plane-wave method based
on density functional theory (DFT) as implemented in
the Wien2k code.40 We have used the generalized gra-
dient approximation (GGA) of Perdew-Burke-Ernzerhof
for the exchange-correlation functional.41 The muffin tin
sphere radii (RMT ) values for Mn and O atom were taken
to be 1.87 and 1.61 a.u, respectively. The Plane wave cut-
off parameters were decided by RminMT Kmax = 7 (the prod-
uct of the smallest of the atomic sphere radii RMT and
the plane wave cut-off parameter Kmax) and 400 k-points
were used over the irreducible part of the first Brillouin
zone (IBZ). We have also included both Mott-Hubbard
parameter U, and spin-orbit coupling (SO) in the calcu-
lations to account for correlation effect (GGA+U ) and
relativistic effect(GGA+SO) respectively. The value of
U eff=U -J (U and J are on-site Coulomb and exchange
interaction, respectively) chosen for this calculation is
5 eV which is normally used for manganese oxides to ac-
count for Coulomb correlation effects.
C. Computational details for Vienna ab-initio
simulation package (VASP) calculations
Structural optimizations were done using VASP code42
within the projector augmented wave (PAW) method.
The generalized gradient approximation proposed by
Perdew, Burke and Ernzrhof (GGA-PBE)41 was used for
the exchange and correlation functional. IBZ was sam-
pled with a 2×4×4 Monkhorst-Pack k-point mesh cen-
tered at Γ point in the Brillouin zone. As mentioned
above, the optimized structural parameters for transition
metal oxides are very sensitive to the size of the basis set.
We have used very large energy cut-off of 875 eV for the
present calculations. The force minimization steps were
continued until the maximum Hellmann-Feynman forces
acting on each atom is less than 0.01 eV/A˚. Also, the
pressure in the unit cell was kept below 1 kbar.
III. EXPERIMENTAL DETAILS
Polycrystalline sample of Mn5O8 was synthesized by
previously reported wet chemical reaction route.43 Prior
to NPD measurements, the synthesized sample was char-
acterized by X-ray diffraction and found that there is
no detectable impurities. Neutron powder diffraction
(NPD) data at 298 K, 70 K, and 9 K were collected with
the PUS two-axis diffractometer at the JEEP II reac-
tor, Kjeller, Norway44. The powder sample was kept in
cylindrical sample holders. Monochromatized neutrons
of wavelength 1.5556 A˚ were obtained by reflection from
Ge (311). NPD data was measured in the 10.00o ≤ 2θ
≤ 129.95o with the scan-step of 0.05o. The simulation
and Rietveld methods45 were performed with Fullprof
code.46 NPD data and reflections from the Displex cryo-
stat at 46.00o ≤ 2θ ≤ 46.90o, 76.90o ≤ 2θ ≤ 77.60o,
and 115.90o ≤ 2θ ≤ 117.20o in all collected NPD data
were excluded prior to the refinements. Scale factor, zero
point, pseudo-Voigt profile parameters, unit-cell dimen-
sions, positional parameters, together with four isotropic
displacement factors, and the magnetic moments of man-
ganese, were entered into the final least-squares refine-
ment.
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FIG. 2. Calculated total energy versus cell volume for Mn5O8
in the ground state M4 configuration.
IV. RESULTS AND DISCUSSION
Before discussing the magnetic structure of Mn5O8,
we would like to describe NPD data at 298K based on
the result of Rietveld analysis as shown in Fig. 4. Care-
ful indexing of all observed peaks in the collected data
confirms the previously proposed systematic extinction
scheme,47 corresponding to space group of C2/m (No.
12) (a = 10.372 A˚, b = 5.733 A˚, c = 4.860 A˚, and β =
109.4o). Present NPD pattern at 9K show extra intensity
5FIG. 3. (Color online) The proposed magnetic structures M1,
M2, M3, and M4 based on experimental measurements are
shown as (a),(b),(c), and (d), respectively. The manganese
ions with different spin moment are denoted as Mn1(Red),
Mn2(Blue), and Mn3(Grey) in these figures. The correspond-
ing simulated Neutron Powder Diffraction patterns for Mn5O8
in these four magnetic models are given in the lower panel.
compared to that at 298K, which can be expected from
magnetic reflection arising from magnetic ordering which
will take place around TN = 136 K as shown in Fig. 5.
To enhance the magnetic reflections, in Figure 5 we have
also plotted the differential intensity between 298K and
9 K [I(9K) - I(298K)]. We have assumed four possible
AFM models in the crystal structural dimension 1 × 1 ×
1, which are shown in Figs. 3 together with correspond-
ing simulated scattering patterns. It may be noted that
we have used the ratio of the magnetic moments for octa-
hedral Mn4+ and trigonal prismatic Mn2+ of 2:1 for the
present NPD pattern simulation. For these simulation
we have also used the peak profile function yielded from
Rietveld analysis at 298K.
As seen in Fig. 5, there is a magnetic contribution
outside of the Bragg positions, e.g. (0 1 0) and (-1 0
1) arising from the chemical unit cell with space group
C2/m in the NPD pattern taken at 9K. It is worth not-
ing that there is no magnetic super reflections at (hkl)
with non-integer value of h, k, and/or l, and hence one
can rule out the possibility of forming complicated mod-
ulated magnetic ordering in Mn5O8. We have found that
the magnetic model associated with M4 alone is compat-
ible with the measured low temperature diffraction data
with observed magnetic reflections. In this model, the
magnetic moments at the Mn1, Mn2, and Mn3 (and sym-
metry related positions) sites exist only in the ac plane,
and hence no magnetic component was found along the
b-axis. The components of magnetic moment along a-
and c-axes, i.e. mx and mz, were refined using Rietveld
refinement for Fig. 6 and that for Mn1, Mn2, and Mn3
sites are found to be 2.4 µB, 2.4 µB, and 3.8 µB , respec-
tively. The refined magnetic moment data are tabulated
in Table I for the 9K NPD pattern. In order to identify
the equilibrium structural parameters we have performed
the total energy calculation for Mn5O8 as a function of
volume for the fully relaxed M4 structure as shown in
Fig. 2. The calculated equilibrium structural parameters
for Mn5O8 using VASP and Wien2k codes are compared
with our low temperature NPD data in Table III. The
equilibrium volume obtained from Fig. 2 using Birch-
Murnaghan equation of states (EOS) is overestimated
only 1.1% compared with the experimental values and
hence the calculated lattice parameters are in good agree-
ment with our corresponding experimental values. From
the EOS fit we have calculated the bulk modulus and
its pressure derivative for Mn5O8 and are given in Ta-
ble III. Haines et al.48 reported that bulk modulus and
its pressure derivative of β-MnO2 is 3.28 Mbar and 4 re-
spectively. Jeanloz et al.49 measured experimentally, the
bulk modulus and its pressure derivative of MnO is 1.70
MBar and 4.8, respectively. Using a linear muffin-tin
orbital atomic sphere approximation (LMTO-ASA) ap-
proach, Cohen et al.50 calculated the bulk modulus and
its pressure derivative of MnO is 1.96 Mbar and 3.9 re-
spectively. Our calculated bulk modulus for Mn5O8 is
smaller than MnO and β-MnO2 hence experimental high
pressure studies are needed to confirm our predictions.
The calculated total density of states (DOS) for the
proposed magnetic structures M1, M2, M3, and M4 are
shown in Fig. 7. It may be noted that our GGA+SO cal-
culations predict M1 magnetic configuration as ground
state with ferrimagnetic half metallic behavior. A finite
DOS is present in the minority-spin channel at EF in-
dicating metallic behavior. However, in the majority
spin channel a band gap of 1.283 eV opens up result-
ing half metallicity in the system. It may be noted that
our GGA+SO calculations predict M1 magnetic config-
uration as ground state with ferrimagnetic half metallic
behavior. The calculated magnetic moments are listed
in Table IV which is in good agreement with the experi-
mental neutron diffraction study. We found that the to-
tal DOS distribution and the spin moment are almost the
same for M1 and M2; and also M3 and M4 and this is con-
6sistent with our experimental observation. As the mag-
netic ground state is found to be ferrimagnetic, whereas
the experimentally observed magnetic ground state is an-
tiferromagnetic, we concluded that GGA+SO calcula-
tions unable to predict correct magnetic ground state in
Mn5O8. It is well known that the transition metal oxides
are usually have strong Coulomb correlation which is not
accounted in our GGA+SO calculations. Hence, we have
made total energy calculation by accounting Coulomb
correlation effects through GGA+SO+U. Interestingly
when we include Coulomb correlation effect in our cal-
culation the total DOS obtained for M1 configuration
having narrow d band states is moved towards lower en-
ergy bringing metallic states instead of half metallic be-
havior. Further, in major spin channel we have found
that sharp peak in the DOS curve indicating instabil-
ity in the system. As a result, the M1 configuration is
energetically unfavorable compared with the M4 config-
uration. In the case of M4 configuration the magnetic
moments are exactly canceled between various Mn sub-
lattices bringing perfect antiferromagnetic ordering with
metallic behavior which is consistent with experimen-
tal observations. So, we can classify that Mn5O8 as a
strongly correlated antiferromagnetic metal. As the or-
bital moments obtained from relativistic spin-polarized
calculations are usually smaller than corresponding ex-
perimental value,51 we have calculated the orbital mo-
ments (see Table II) using orbital polarization correction
proposed by Brooks and Erisson et al.52,53 We found that
the calculated orbital moments obtained from SO calcu-
lation and SO+OP calculations are not changed much
0.0072 µB and also the estimated orbital moments are
small 0.030 µB as usually expected in transition metal
compounds where spin-orbital coupling is expected to be
weak.
The orbital-projected DOS for Mn 3d electrons in
the ground state M4 magnetic configuration within
GGA+SO+U is shown in Fig. 8. It is well known that
the Mn d orbitals in octahedral coordination split into
t2g triplet (dxy, dxz, dyz) and eg doublet (dx2−y2 , dz2)
by the cubic crystal field. As both Mn1 and Mn2 are
in octahedral coordination with oxygen their magnetic
moments in these two sites can be analyzed easily us-
ing orbital projected DOS. For Mn4+ oxidation state,
there will be totally three d electrons those will occupy
the majority spin t2g states and the eg states will be
empty in the high spin configuration. So one can expect
3 µB per Mn sites in a pure ionic picture. In confor-
mity with above view our calculated DOS shows that
TABLE II. Calculated orbital magnetic moment (µB) at var-
ious Mn sites for Mn5O8 without (SO) and with orbital-
polarization corrections (SO+OP).
Orbital moment (Mn1/Mn2/Mn3)
M4 (SO) -0.018/-0.023/0.006
M4 (SO+OP) -0.022/-0.030/0.007
FIG. 4. Experimental, calculated, and difference NPD pat-
terns of Mn5O8 at 298 K. Bars denote Bragg positions; space
group C2/m, λ = 1.5556 A˚.
FIG. 5. (Color online) Experimental NPD data at 298 K and
9K, and corresponding differential curve.
the eg states is almost empty in the valence band and
also in the minority spin channel the t2g states is negli-
gibly small confirming the high-spin (HS) state of Mn4+
ions. However the calculated magnetic moments in the
Mn2 site is lower than 3 µB (2.69µB) indicating that
there is a substantial covalent bond between Mn2−O. It
may be noted that the electrons in solids may partici-
pate either bonding or magnetism. Consistent with the
above point due to this covalency effect the average bond
length between Mn2−O(1.917 A˚) is smaller than that be-
tween Mn1−O(1.926 A˚). Due to short Mn2−O distance
there is substantial induced moment of 0.027 µB per
atom present in the oxygen sites around Mn2. However
magnetic moment in oxygen sites around Mn1 is small
0.006 µB per atom. The calculated exchange splitting
energy for Mn1 and Mn2 are 2.01 eV and 1.9 eV, respec-
tively correlating linearly with corresponding magnetic
7TABLE III. Optimized structural parameters (a,b,c in A˚, β in deg, equilibrium volume V0 in A˚
3), and bulk modulus (B0 in
Mbar) and its pressure derivative (B0
′
) for Mn5O8 in ground state M4 configuration from VASP and Wien2k
a calculations.
Values given in parenthesis refer to our low temperature NPD measurements. The space group is C2/m and Z=2.
Unit cell Atom Site x y z B0 B0
′
a=10.3228(10.3250) Mn1 2c 0.0000(0.0000) 0.0000(0.0000) 0.5000(0.5000) 1.26 5.10
b=5.7436(5.7181) 0.0000 0.0000 0.5000a
c=4.8887(4.8594) Mn2 4g 0.0000(0.0000) 0.2600(0.2470) 0.0000(0.0000)
β=109.43(109.63) 0.0000 0.2603 0.0000a
V0=273.36(270.24) Mn3 4i 0.7163(0.7290) 0.0000(0.0000) 0.6576(0.6550)
0.7173 0.0000 0.6595a
O1 8j 0.1137(0.1140) 0.2272(0.2220) 0.3984(0.3950)
0.1134 0.2274 0.3995a
O2 4i 0.1054(0.1140) 0.0000(0.0000) 0.9118(0.9220)
0.1049 0.0000 0.9119a
O3 4i 0.6064(0.5910) 0.0000(0.0000) 0.9247(0.8720)
0.6062 0.0000 0.9252a
FIG. 6. Experimental, calculated, and difference NPD pat-
terns of Mn5O8 at 9 K. Upper and lower bars denote Bragg
positions of nuclei and magnetic reflections respectively. space
group C2/m, λ = 1.5556 A˚.
moment. So, the larger exchange splitting at the Mn1
site could explain why larger moments in this site com-
pared with Mn2 site. Due to the Coulomb correlation
effect d states get localized and hence magnetic moment
is increased in GGA+SO+U calculation as indicated in
Table IV. As the pseudocubic crystal field operating in
the MnO6 octahedra, the electronic states at the Fermi
level displays both Mn(eg) and Mn(t2g) bands. The cal-
culated energy difference between M3 and M4 models
is less than 30 µ eV only in the GGA+SO calculation
and that is increased slightly to 40 µ eV when we ac-
count correlation effect into the calculation. However,
the GGA+SO+U calculation correctly predicted exper-
imentally observed antiferromagnetic ground state with
magnetic configuration of M4 suggesting the presence of
strong Coulomb correlation effect in this material.
The Mn d levels in a trigonal prismatic coordination
split into non-degenerate 1a (dz2), doubly degenerate 1e
(dxy,dx2−y2), and doubly degenerate 2e (dxz,dyz) levels.
As there are five d electrons present in the Mn2+ ion
reside at Mn3 site one would expect that these five elec-
trons occupy the above mentioned levels. For the pure
ionic case, the spin moment at the Mn3t site in low-
spin(LS; 1a21e32e0), intermediate-spin (IS; 1a21e22e1),
and high-spin (HS; 1a11e22e2) configurations will then be
1, 3, and 5 µB, respectively. Experimentally measured
magnetic moment at the Mn3t site is 3.8 µB, whereas
our calculated magnetic moment gave a somewhat higher
spin moment of 4.18 µB . The site-projected DOS for Mn
and O atoms of Mn5O8 in the ground state M4 configu-
ration are shown in Fig. 9. The bands originating from
oxygen are lying in the energy range -8 and -2 eV and
those are almost completely filled. The density of states
at EF are mainly contributed by Mn 3d states. From
this figure, it is clear that the observed metallic behav-
TABLE IV. The total magnetic moment, site projected mag-
netic moment at various Mn sites, and the relative total en-
ergy (∆E) of various magnetic configurations with respect to
the ground state are listed in this table.
Magnetic Total mom. Mn mom. Total
model (µB/f.u) Mn1/Mn2/Mn3 energy
(µB/atom) (meV/atom)
M1 -0.99 2.26/2.30/-3.84 0
GGA M2 -0.99 2.26/2.30/-3.84 78.21
+SO M3 0 2.72/2.41/-3.83 52.32
M4 0 2.72/2.41/-3.83 52.29
M1 -1 2.51/2.59/-4.21 84.29
GGA M2 -1 2.51/2.59/-4.21 84.44
+SO+U M3 0 3.05/2.69/-4.18 0.04
M4 0 3.05/2.69/-4.18 0
Exp. 0 2.4/2.4/-3.8
8FIG. 7. The calculated total DOS for Mn5O8 in four different magnetic configuration M1, M2, M3, and M4 described in the
text. The DOS calculated using GGA+SO and GGA+SO+U are given in left and right panel, respectively. The Fermi level
is set to zero.
FIG. 8. The calculated orbital decomposed DOS for Mn1 and
Mn2 sites of Mn5O8 in the ground state antiferromagnetic
configuration obtained from GGA+SO+U. The Fermi level
is set to zero.
ior in Mn5O8 is mainly originating from Mn atoms with
∼18 % contribution from oxygen. It may be noted that
the minority spin electrons at the fermi level for Mn3 is
almost negligible which indicates that the majority spin
electrons alone participating in the electrical conductiv-
ity, as evident from the Fig. 9. We have observed a no-
ticeable hybridization between the metal Mnd and the
ligand Op states in the whole valence band indicating
significant covalency in this system. As a result, the cal-
culated magnetic moments in the Mn sites are smaller
than those expected from a pure ionic picture. Consis-
tent with the above view point there is a finite magnetic
moment present at the oxygen neighboring to Mn ions.
In order to understand the spin and valence states of
Mn1o, Mn2o, and Mn3t ions in Mn5O8 we have displayed
the orbital-projected d -electron DOS of these Mn ions in
Fig. 10. This figure reveals that Mn3t is in HS state as it
is evident from the occupation of majority spin channel of
all five d orbitals. For d3 system, Hund’s rule predicted
that the electrons will not pair and occupy the t2g or-
bitals alone by leaving the eg orbitals completely empty.
As a result, Fig. 10 show almost equal occupation of elec-
trons in all the five d orbitals for Mn1o and Mn2o. The
electron occupation in the eg orbitals of Mn1
o and Mn2o
bring strong covalent interaction between Mn4+ ions and
oxygen in the whole valence band region. It is clear from
the Fig. 10 that higher lying DOS of Mn3 (dyz and dxz)
and O1 plays an important role to bring metallic behav-
ior in this compound.
It may be noted that there are two types of exchange
interaction one can expect between the magnetic cations
in ionic crystals: cation−cation and cation-anion-cation
(or even cation-anion-anion-cation) interactions. For
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FIG. 9. (Color online) Calculated orbital-projected DOS for
Mn and O sites of Mn5O8 in the ground-state M4 configura-
tion obtained from GGA+SO+U. The Fermi level is set to
zero. Note that s and p states of Mn and s states of O are
magnified.
the case of 90o cation-anion-cation interaction, Goode-
nough54 have pointed out that if the octahedral inter-
stices of two neighboring cations share a common edge
then there is a direct overlap of the dxy or dyz or dxz
orbitals of these two cations. As a result, the anion plays
a less obvious role in the delocalization-superexchange
process. In Mn5O8 also Mn ions Mn1O6 and Mn2O6 are
edge shared and hence the interaction between the two
neighboring Mn ions can be referred to as cation−cation
interactions. The cation−cation separation is shorter for
the oxides than the chlorides and if the t2g orbitals in ox-
ides are half filled then cation−cation interactions tend
to dominate the 90o superexchange. In the present case
also the interatomic distance between Mn1 and Mn2 is
smaller (2.81 A˚) and this is comparable to other mag-
netic oxides such as NaCrO2 (2.96 A˚) and NaFeO2 (3.02
A˚).55 It is expected that in the octahedral crystal field the
Mn4+ ions in the HS state will have a half filled t2g level
as we have seen in the orbital decomposed DOS analysis
(see Fig. 10). The exchange interaction J c−cij for the two
half filled orbitals expected to be negative which results
in antiferromagnetic interaction as it was also empha-
sized by Kanamori.56 In consistent with the above view
the Mn4+ ions in Mn5O8 share edges with each other and
hence the 90o superexchange interactions is responsible
for the observed antiferromagnetic ordering. It may be
noted that our experimentally measured Weiss constant
θ value for Mn5O8 is -144.5K
28 which is indicative for an-
tiferromagnetic superexchange interactions as mentioned
above.
When we analyze orbital decomposed DOS for the oxy-
gen p states, we found that between −2 eV to 0 eV there
is no noticeable pz states present. However, when we ana-
lyze the orbital decomposed d states of Mn3 ion we found
that majority of d states are present within the vicinity
of 2 eV from Fermi level. Hence there is no possibility of
superexchange path maintains between oxygen pz states
with Mn3 d states as evident from Fig. 10 and angu-
lar momentum projected DOS(not shown). This could
explain why the intralayer coupling between Mn is of fer-
romagnetic nature.
Mn1 and Mn2 d states are spread in the whole valence
band from −8 eV to Fermi level with dominant contri-
butions from dxy and dxz states near the Fermi level.
In the DOS analysis of Mn1 and Mn2 sites show that
there is a strong DOS distribution present between −4
eV to −2 eV in the valence band and correspondingly the
orbital decomposed DOS for oxygen p states show that
both px and py states are present in this energy range.
Hence there is a possibility of superexchange antiferro-
magnetic interaction between oxygen px and py states
with Mn1/Mn2 d states between the layer. As a result,
one could expect FM interaction within the layer and
AFM interaction between the layer resulting A-AFM or-
dering. In consistent with the conclusion arrived from
DOS analysis our total energy calculation also show that
the A-AFM ordering is the lowest energy configuration
in this system. In the present observation of A-AFM or-
dering in Mn5O8 is also supporting the experimentally
observed negative Curie temperature value from the sus-
ceptibility measurements.28
The crystal orbital Hamiltonian population (COHP) is
TABLE V. Calculated bond strength from Integrated COHP.
Interaction bond strength (eV)
Mn1−O1 -2.18
Mn1−O2 -1.84
Mn2−O1 -2.27
Mn2−O2 -2.17
Mn2−O3 -2.33
Mn3−O1 -1.35
Mn3−O2 -1.27
Mn3−O3 -2.04
Mn1−Mn2 -0.26
Mn2−Mn3 -0.05
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FIG. 10. (Color online) Orbital (d) decomposed DOS for Mn1o, Mn2o and Mn3t in Mn5O8 for the ground-state M4 configu-
ration. The Fermi level is set to zero.
calculated using VASP to analyze the bond strength and
character of the bonding interactions between the con-
stituents in Mn5O8.
57,58 COHP is constructed by weight-
ing the DOS with the corresponding Hamiltonian ma-
trix.59 This approach provides a qualitative description of
the bonding (negative COHP) and antibonding (positive
COHP) interaction between atoms. Fig. 11 displays the
calculated COHP for the Mn1−O1, Mn1−O2, Mn2−O1,
Mn2−O2, Mn2−O3, Mn3−O1, Mn3−O2, Mn3−O3,
Mn1−Mn2 and Mn2−Mn3 interactions in Mn5O8. The
COHP curves reveal that the Mn−O bonding states are
present strongly in the region −7.5 to −2.3 eV of the
valence band. In the vicinity of Fermi level (i.e, within
-1 eV to EF ) in Mn−O COHP there are noticeable an-
tibonding states present. As the Mn−Mn interactions
were screened by oxygen ions present between the Mn
ions, the calculated Mn−Mn bonding states distribu-
tion is relatively small. We have calculated the bond
strength between various constituents in Mn5O8 using
the Integrated COHP (ICOHP) as we have done ear-
lier.39 The calculated ICOHP for various constituents in
Mn5O8 reflecting the bond strength between the atoms
are listed in Table V. According to Table V the strongest
bonding interaction is present between Mn−O in Mn5O8.
The bonding interaction between Mn2−Mn3 is very weak
since the bond distance between Mn4+ ions within the
layer and Mn2+ ion reside at the trigonal prismatic co-
ordination is relatively high (∼ 3A˚). The MnO6 octahe-
dra are highly distorted and hence the Mn2-O distances
are varying between 1.890 A˚ to 1.955 A˚ and correspond-
ingly the calculated bond strength is varying −2.17 eV
to −2.33 eV. The calculated bond length for Mn1−Oa
is 1.993 A˚ and that for Mn2−Oa is 1.938 A˚ where, Oa
is apical oxygen in the octahedra. Hence one can ex-
pect that Mn2−Oa bond will have stronger bond strength
than that for Mn1−Oa. Consistent with the above view
our calculated ICOHP for Mn2−O3a is larger than that
for Mn1−O2a. If there are strong bonds present be-
tween magnetic cations with anions, one can expect that
the magnetic moment will quench. The calculated bond
strength between constituents obtained based on ICOHP
values listed in Table V are reflecting the variation in
magnetic moments in the corresponding Mn atoms (see
Table IV). Moreover the difference in the average bond
strength for Mn1−O and Mn2−O indicate that the Mn
atoms in Mn5O8 are in two different oxidation states con-
sistent with our DOS analysis.
The formal oxidation states of the octahedral and
trigonal-prismatic Mn atoms can be evaluated from
bond-valence-sum (BVS) calculations, by using bond-
valence parameters of Rij(Mn
2+) = 1.79, Rij(Mn
3+)
= 1.76 and Rij(Mn
4+) = 1.753, and bond distances of
dij , yielded from NPD analysis at 9 K, in the formula
Σexp[(Rij -dij)/0.37]. The results indicate that octahe-
dral coordinated Mn atoms at 2c (Mn1) and 4g (Mn2)
sites are tetravalent and trigonal-prismatic coordinated
Mn atom at 4i (Mn3) site is divalent (see Table VI),
even though the BVS values for octahedral and trigonal-
prismatic polyhedral deviate slightly from the ideal value
of 3.7(2) and 2.3(2), respectively.
The valence states of Mn in Mn5O8 can be written
as Mn2+2 Mn
4+
3 O8, the spin-only magnetic moment for
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FIG. 11. (Color online) The calculated COHP for Mn1−O1,
Mn1−O2, Mn2−O1, Mn2−O2, Mn2−O3, Mn3−O1,
Mn3−O2, Mn3−O3, Mn1−Mn2 and Mn2−Mn3 in ground-
state M4 configuration of Mn5O8
TABLE VI. Selected inter-atomic distances (A˚) and bond va-
lence sum (BVS) for Mn5O8 at 9 K. Calculated standard de-
viations are listed in parentheses.
Mn1 Mn2 Mn3
O1 1.91(2)×4 1.89(2)×2 2.15(2)×4
O2 1.99(2)×2 1.96(2)×2 2.10(3)
O3 1.94(2)×2 2.00(3)
BVS 3.7(2) 3.7(2) 2.3(2) a
a Note: BVS values were calculated by iteration from initial
arbitrary mixed-valence value. The bond valence parameter
was assumed by taking fraction of standard literature values;
Mn2+−O2−, Mn3+−O2−, and Mn4+−O2− are 1.79, 1.76, and
1.753 respectively.
Mn5O8 can be calculated from the expression
µeff =
√
2
5
[ µMn(II)]2 +
3
5
[ µMn(IV)]2 (1)
An effective magnetic moment measured from mag-
netic susceptibility study is µeff = 4.803µB. The calcu-
lated effective magnetic moment using µMn(II) = 5.9µB
and µMn(IV) = 3.87µB is µeff = 4.786µB. The close agree-
ment between the calculated spin-only magnetic moment
and the experimental moment confirms the presence of
mixed valence states in Mn5O8. As the experimentally
measured effective magnetic moment is near their spin-
only value calculated theoretically, it is apparent that the
orbital angular moment is quenched due to the ligand
field splitting which was also evident from Table II that
our calculated orbital moment is very small and only the
spin moment is mainly contributing to the total magnetic
moment.
In previous study,28 we have mentioned the possibility
of Mn3O4
60 as secondary phase in master Mn5O8 sample,
based on the observed magnetic ferroic transition around
40K. In present study, we have measured NPD at 70K
(not shown), i.e. above 40K but still below TN=133K.
However we are unable to notice any unique changes com-
paring to the NPD data at 9K. Therefore, we conclude
that there is no major contribution from secondary phase
of Mn3O4 in collected NPD data.
V. SUMMARY
To summarize, magnetic ordering and the mixed valent
nature of Mn5O8 has been reported using fully relativis-
tic density functional theory calculations and NPD mea-
surements. From our total energy calculation we have
predicted that Mn5O8 orders antiferromagnetically with
the spin orientation along [100] direction in accordance
with our NPD measurements. Among the four differ-
ent magnetic models proposed from the experiments, M4
magnetic configuration is found to be the ground state
magnetic structure in Mn5O8. Density of states calcula-
tion shows a large DOS at EF in the ground state mag-
netic structure showing the metallic nature of Mn5O8.
Calculations without the inclusion of Hubbard U leads
to ferrimagnetic half metal as ground state contradic-
tory to experimental findings, indicating the presence of
strong Coulomb correlation effect in this material. How-
ever we include Coulomb correlation effect in to the cal-
culations correctly predict antiferromagnetic metal as a
ground state. Presence of two different magnetic mo-
ments along with the different density of states distri-
bution in the Mn sites so the mixed valent behavior of
Mn ions. Bond strength analysis based on COHP be-
tween constituents indicating strong anisotropy in the
bonding behavior which results in layered nature of its
crystal structure. The orbital decomposed DOS analy-
sis of Mn d states show that Mn ions in the Mn4+ and
Mn2+ oxidation states with high spin magnetic configu-
ration. Our BVS analysis also support the presence of
two different oxidation states such as 4+ and 2+ in this
compound. The calculated orbital moment using rela-
tivistic spin polarized calculation with orbital polariza-
tion correction yielded very small orbital moment and
hence the spin only moment is sufficient to account the
experimentally measured effective moment from suscep-
tibility measurements. The over all results indicate that
Mn5O8 can be described as a strongly correlated mixed
valent antiferromagnetic metal.
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Appendix: Group theory analysis for Mn5O8
To determine magnetic structure of Mn5O8, the possi-
ble magnetic structures, which are compatible with the
crystal symmetry, were investigated by the method de-
scribed by Bertaut61. The magnetic structures are de-
fined by the basis vectors of the irreducible representa-
tions of the little group Γk which for a propagation vector
k = (-1, 0, 1) coincides with the crystallographic space
group.
In the case of Mn5O8 the Mn atoms are in wyckoff sites
at 2c, 4g, and 4i under space group of C2/m. The decom-
position of the representation Γ, describing the transfor-
mation properties of the magnetic moments is given by
Γ = Γ1 + 2Γ3 in Kovalev’s notation.
62 The solutions
defined by Γ1 correspond to FM ordering within layers
and AFM ordering between each layer with magnetic mo-
ments parallel to the b direction (M3 in Fig. 2). Γ5 de-
fines similar ordering with F1 in the ac plane (M4 in Fig.
2).
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